Ferric oxide (α-Fe 2 O 3 , hematite) is an n-type semiconductor; due to its narrow band gap (E g = 2.1 eV), it is a highly attractive and desirable material for use in solar hydrogenation by water oxidation. However, the actual conversion efficiency achieved with Fe 2 O 3 is considerably lower than the theoretical values because the considerably short diffusion length (2-4 nm) of holes in Fe 2 O 3 induces excessive charge recombination and low absorption. This is a significant hurdle that must be overcome in order to obtain high solar-to-hydrogen conversion efficiency. In consideration of this, it is thought that elemental doping, which may make it possible to enhance the charge transfer at the interface, will have a marked effect in terms of improving the photoactivities of α-Fe 2 O 3 photoanodes. Herein, we report on the synthesis by pulsed electrodeposition of α-Fe 2 O 3 -based anodes; we also report on the resulting photoelectrochemical (PEC) properties. We attempted Ti-doping to enhance the PEC properties of α-Fe 2 O 3 anodes. It is revealed that the photocurrent density of a bare α-Fe 2 O 3 anode can be dramatically changed by controlling the condition of the electrodeposition and the concentration of TiCl 3 . Under optimum conditions, a modified α-Fe 2 O 3 anode exhibits a maximum photocurrent density of 0.4 mA/cm 2 at 1.23 V vs. reversible hydrogen electrode (RHE) under 1.5 G simulated sunlight illumination;
Introduction
olar driven water splitting with photoelectrochemical (PEC) reaction is a clean and effective way to produce hydrogen (H 2 ), a renewable and carbon-free fuel. [1] [2] [3] [4] [5] [6] [7] [8] Because they suffer from inferior charge transport and broad band gap energies, photoanodes have low efficiency compared to that of photocathodes. Therefore, it is crucial to develop an efficient and practical anode system for the construction of high-performance PEC cells.
1-9)
Ferric oxide (α-Fe 2 O 3 , hematite) is a highly promising anode material for solar water oxidation because it can absorb a substantial portion of the visible spectrum due to its suitable band gap energy (~ 2.1 eV); it is also chemically stable in aqueous solution, abundant in the earth, and environmentally friendly. [10] [11] [12] [13] [14] However, α-Fe 2 O 3 has limitations of low electron mobility (~10 -2 cm 2 /Vs) and short hole diffusion length (approximately 2-4 nm), as well as short life time of its carriers (~ 10 ps). [9] [10] [11] [12] [13] [14] As a result, recombination losses lead to low photocurrent density and large overpotential for α-Fe 2 O 3 based PEC water oxidation. For a reduction of the recombination losses of α-Fe 2 O 3 , great efforts have been devoted to nano-structuring and doping. The formation of nanostructures and the composition tuning (doping) of α-Fe 2 O 3 are effective ways to overcome the limitations of this material's short hole-diffusion length and low electron mobility.
9-14)
The most commonly used methods to synthesize α-Fe 2 O 3 photoanodes include spray pyrolysis, chemical vapor deposition, the sol-gel method, and anodization of iron metal.
Electrodeposition has also been demonstrated as a viable method to prepare α-Fe 2 O 3 as nanostructured film photoelectrodes. With deposition potential and current as additional synthesis parameters, this solution-based method can be particularly beneficial for tuning the compositions and morphologies of deposits; this tuning process is reported to be crucial for improving the intrinsically poor charge transport properties of α-Fe 2 O 3 .
10-11,13-16) To synthesize α-Fe 2 O 3 by electrodeposition, the use of a pulsed rather than a continuous voltage has several advantages. [17] [18] [19] Pulsed electrodeposition enables the formation of more uniform films than is possible using continuous electrodeposition because the pulse-off time (t off ) allows the diffusion of ions from the solution to the surface of the working electrode, thus lowering the concentration gradient during the next pulse-on time (t on ). Furthermore, pulsed electrodeposition can make more refined structure than is possible when using continuous deposition. We can confirm the different levels of uniformity achieved using pulsed electrodeposition and continuous deposition by the photographs of individual films. In addition, various thin film nanostructures can be formed by con-S Communication trolling the sign and the amplitude of the pulsed voltages in pulsed electrodeposition. [17] [18] [19] In this study, using pulsed electrodeposition, we fabricated nanostructured α-Fe 2 O 3 thin films with elemental doping. The thickness and the morphology of the α-Fe 2 O 3 thin films can be tailored simply by controlling the electrodeposition conditions such as the potential, time, and annealing condition. Also, the photoactivities of α-Fe 2 O 3 anodes were found to differ significantly depending on the electrodeposition conditions. Although the linear sweep voltammetry (LSV) curves of our α- 
Experimental Procedure

Synthesis of nanostructured α-Fe 2 O 3 anodes
Nanostructured α-Fe 2 O 3 anodes were modified by pulsed anodic electrodeposition. In this study, an F: SnO 2 (FTO) substrate with dimensions of 1.5 × 1.5 cm and an active site region of 1.5 × 1.0 cm was defined with a shadow mask. Precursor was prepared by dissolving 0.02 M FeCl 2 ·5H 2 O (99 %, Aldrich) at pH 4.1.
10) Before the deposition, FTO was cleaned with acetone, ethanol, and deionized water for 30 min, sequentially. Pulsed electrodeposition was conducted in a standard three electrode system with a working electrode of FTO, an Ag/AgCl reference electrode, and a platinum counter electrode. The entire procedure was carried out potentiostatically at 1.23 V vs. Ag/AgCl at 80 o C (ca. 600 -700 μA/cm 2 ) for 8, 12, 16, and 20 min. Then, all freshly prepared amorphous FeOOH samples were rinsed and annealed at 600 o C for 2 h in air and then heated at 800 o C for 1 min in a process of rapid thermal annealing (RTA). After annealing, the asdeposited films were converted to crystalline α-Fe 2 O 3. We confirmed that increasing the deposition potential or the temperature promoted oxygen evolution and reduced the uniformity of the films. However, decreasing of the deposition potential or of the temperature reduced the deposition rate and led to the need for a longer deposition time to obtain a certain thickness.
10)
2.2. Doping of Ti and V on nanostructured α-Fe 2 O 3 anodes Desired amounts (0.1%, 1%) of titanium trichloride aqueous solution (20%, TiCl 3 , Aldrich) were added to the electrodeposition solution to improve the PEC property of the nanostructured α-Fe 2 O 3 films. Ammonium vanadate (99%, NH 4 VO 3 , Aldrich) was used for the doping of V.
Characterization
The morphologies of the nanostructured α-Fe 2 O 3 films were characterized by field emission scanning electron microscopy (MERLIN Compact, JEOL). X-ray diffraction (XRD) characterization was performed to confirm the crystalline phase of the nanostructured α-Fe 2 O 3 films.
PEC measurements
PEC measurements (Ivium Technologies, Nstat) were performed with a three electrode system using a 3 M Ag/AgCl reference electrode and a Pt mesh as the counter electrode in 1 M sodium hydroxide (NaOH, Wako) at pH 13. The photocurrent vs. potential curve was recorded while sweeping the potential range from −0.6 V to 0.8 V vs. Ag/AgCl in the positive direction with a scan rate of 25 mV/s under a solar simulator with an AM 1.5 G filter; the light intensity of the solar simulator was calibrated to 1 sun (100 mW/cm 2 ) using a reference cell. The measurement potential vs. Ag/AgCl was converted to the reversible hydrogen electrode scale according to the Nernst equation. 
Results and Discussion
A schematic of pulsed electrodeposition is presented in Fig. 1(a) . The duration and amplitude of the voltage pulse used in this study to synthesize α-Fe 2 O 3 films are shown in Fig. 1(c) The X-ray diffraction (XRD) patterns of the electrodeposited amorphous FeOOH and α-Fe 2 O 3 films are presented in Fig. 2 . The films showed representative peaks of α-Fe 2 O 3, with preferred orientation in the (110) direction. The preferential growth along the (110) direction indicates that the most conductive plane (001) of the α-Fe 2 O 3 films is aligned vertically to the substrate; this plane is reported to have higher photoactivity than those of the other planes. [10] [11] The XRD data showed that the only difference between amorphous FeOOH and α-Fe 2 O 3 films is that a specific peak near 45 o emerges in the annealed films. Top and cross-sectional scanning electron microscopy (SEM) images of the nanostructured α-Fe 2 O 3 films are shown in Fig. 3 . The top-view SEM image shows the presence of cracks on the surface of the annealed films; this indicates that these films were thermally generated during annealing of cooling. The formation of densely packed α-Fe 2 O 3 nanostructured films with average particle size of 30 nm and with open porosity is also evident. The cross-sectional SEM images show a film with an estimated thickness of ~ 150 nm, in which the particles are stacked, and good interfaces are formed between the Fe 2 O 3 films and the FTO substrate. PEC measurements of the α-Fe 2 O 3 anodes were performed using a standard three-electrode cell with an electrolyte of 1 M sodium hydroxide at a scan rate of 10 mV/s under 1.5 G solar light. The photoelectrochemical current densities of the α-Fe 2 O 3 anodes were plotted as a function of potential vs. RHE. The results of the LSV measurements are presented in Fig. 4(a) . The films annealed at 600 o C showed a negligible photocurrent density at 1.23 V vs. RHE; there was no difference between the light condition and dark condition. This means that high temperature annealing is required to activate the α-Fe 2 O 3 anodes. The photoactivity of these films emerges after additional heat treatment at 800 o C, which resulted in a water oxidation photocurrent density of about 0.1 mA/cm 2 at 1.23 V, as can be seen in Fig. 4(b) . Through these results, we understand that the effect of annealing temperature on the photoactivity of these photoanodes is significant. The effect of annealing at high temperature on the photoactivity of α-Fe 2 O 3 anodes can be explained in two ways. 11, [13] [14] First, the unintentional diffusion of Sn from the FTO substrate to the film at high temperature annealing can contribute to an increase in the photocurrent by increasing the electronic conductivity of α-Fe 2 O 3 . Defects at the α-Fe 2 O 3 /FTO interface can be reduced by annealing at the high temperature. In addition, the pres- ence of cracks on the surface might enhance the photoactivity because these cracks allow electrolytes to reach the FTO surface and to increase the areas of the α-Fe 2 O 3 films/electrolyte interface. Moreover, grain boundaries, which are likely the main limitation of electron and hole recombination, were removed after the high temperature annealing, thus improving the PEC performance of the α-Fe 2 O 3 anodes.
11,13-14)
The PEC performance of the α-Fe 2 O 3 films was measured by altering the deposition time to change the thickness of the films, as shown in Fig. 4 . Electrodeposition was performed for 8 -12 min at 1.23 V vs. Ag/AgCl. The photocurrent density increased gradually until the deposition time increased to 12 min; the photocurrent density then started to decrease. A high photocurrent of 0.1 mA/cm 2 was obtained with of 12 min, which indicates that the photoactivity of α-Fe 2 O 3 strongly depends on the film thickness. The initial increase in the photocurrent can be related to the increased amount of photoactive iron oxide on the FTO substrate, which in turn improves the light absorption efficiency. [10] [11] [12] [13] [14] The absorbed photons can enlarge the number of photo-excited carriers and thus enhance the photocurrent density. In contrast, because it is hard to generate photoexcited carriers, a gradual decrease in the photocurrent density of the α-Fe 2 O 3 films occurred for longer deposition times after the optimal deposition time was reached. Due to the greater penetration depths of low-energy photons, and the shorter hole diffusion length in α-Fe 2 O 3 , generated holes are less likely to reach the α-Fe 2 O 3 /electrolyte interface, and thus charge carrier recombination occurs. doping has been shown to greatly increase the photocurrent and to lead to better onset potential of the photoresponse.
20-23)
Doping has important roles in improving the donor density and the electrical conductivity. However, the PEC properties can be strongly influenced by the dopant concentration. tration reaches 0.1%; the photocurrent then starts to decrease, as is shown in Fig. 5 . And, it shows a tendency similar to that of Ti-doped α-Fe 2 O 3 : the photocurrent density starts to decrease when the concentration of dopant reach its optimum value, as shown in Fig. 5(d) . Even though we tried to improve the PEC properties of the α-Fe 2 O 3 films, the photoactivities of α-Fe 2 O 3 are significantly lower than the theoretical efficiency (~ 10.5 mA/cm 2 ). Therefore, our α-Fe 2 O 3 films have to be modified through the addition of co-catalysts, nanostructuring, and the formation of heterojunctions.
Conclusions
We synthesized α-Fe 2 O 3 nanostructures using pulsed electrodeposition followed by high temperature annealing to activate α-Fe 2 O 3 . We studied the effect of the deposition time and the annealing conditions by changing these parameters for application to photoanodes in PEC cells. The results indicate that annealing at high temperature is necessary to activate α-Fe 2 O 3 photoanodes and to increase the photocurrent. Also, optimal deposition time is essential to improve the PEC characteristics because the film thickness depends strongly on the deposition time. We further demonstrated an improvement of the PEC properties of α-Fe 2 O 3 films by introducing doping with V and Ti. Ti-doped α-Fe 2 O 3 films exhibit enhanced photocurrents (~about 2.5 fold enhancement) compared to those of bare α-Fe 2 O 3 films.
